Background: The discovery of novel derivative of berberine (BBR) having higher antitumor activity in vivo is of clinical importance. In this profile, 13-[CH 2 CO-Cys-(Bzl)-OBzl]berberine (13-Cys-BBR) was prepared for related assays. Purpose: The object of preparation and evaluation is to show the advantages of 13-Cys-BBR over BBR in both in vitro and in vivo anti-tumor actions, furthermore to correlate the proliferation of cancer cells with ROS formation and anti-apoptosis protein (XIAP) expression inside cancer cells. Methods: Transwell chamber was used to simulate the intestinal and cell wall for bioavailability evaluation; MTT assay was used to evaluate the in vitro anti-proliferation activity; fluorescein isothiocyanate content was used to represent ROS level in HCT-8 cells; Western blot assay was used to quantify the expression of XIAP, caspase-3, and poly ADP-ribose polymerase in HCT-8 cells; and S180 mouse model was used to evaluate the in vivo antitumor activity. Results: In vitro the IC 50 values (~15-40 μM) of 13-Cys-BBR against the proliferation of eight cancer cell lines were significantly lower than those of BBR (~25-140 μM); the content of ROS formed inside HCT-8 cells treated by 13-Cys-BBR was~3.44-folds higher than that inside HCT-8 cells treated by BBR; the expression of XIAP in HCT-8 cells treated by 13-Cys -BBR was~1.21-folds lower than that in HCT-8 cells treated by BBR; the tumor weight of S180 mice orally treated by 2 μmol/kg/day of 13-Cys-BBR (~1.5 g) was significantly lower than that of S180 mice orally treated by 2 μmol/kg/day of BBR (~2.5 g); and the active pocket of XIAP was more suitable for 13-Cys-BBR than for BBR. Conclusion: The anti-tumor action correlates with ROS and apoptosis protein, which suggests 13-Cys-BBR is a promising candidate for preclinical study.
Introduction
Berberine (BBR) is a typical representative of bioactive components extracted from traditional herbs. 1 The in vitro and in vivo pharmacological actions of BBR have been well documented. In vitro BBR attenuated sodium palmitate-induced lipid accumulation, 2 inhibited tumor cell proliferation, 3 decreased the secretion of IL-2, 4 weakened CYP1-catalyzed region selective hydroxylation of estradiol, 5 induced neuronal differentiation, 6 stopped glutamate-induced neurodegeneration, 7 broke double-strand of DNA, 8 mediated the secretion of glucagon-like peptide 1, 9 decreased HaCaT apoptosis, 10 inhibited human cytomegalovirus replication, 11 induced cell cycle arrest, 12 and suppressed lipopolysaccharide-induced inflammation. 13 In vivo BBR slowed the growth and inhibited the metastasis of endometrial cancer, 14 slowed the growth and inhibited lung metastases of hepatocellular carcinoma, 15 cured chronic ulcerative colitis, 16 alleviated type 2 diabetes, 17 and ameliorated musculoskeletal disorders (osteoporosis, osteoarthritis, and rheumatoid). 18 On the other hand, the poor bioavailability of BBR restricted its clinical use. To overcome this shortcoming, some efforts were made. Among them, the representative strategies were the complexation of BBR and γ-cyclodextrin, 19 the conjugation of BBR and baicalein, 20 the combination of BBR with 5-aminosalicylic acid, 21 and the formation of the dendrimer-BBR supramolecule. 22 However, the strategy of structural modification remains rare. In this context, here CH 2 CO-Cys(Bzl)-OBzl was selected to modify the 13-position of BBR and form 13-[CH 2 CO-Cys(Bzl)-OBzl]-berberine (13-Cys-BBR). For this purpose transwell chamber was used to simulate intestinal wall or cell wall. The efficacy of 13-Cys-BBR and BBR crossing the membrane of the transwell was represented by UV absorption. The results showed that the efficacy of 13-Cys-BBR crossing intestinal wall or cell wall was significantly higher than that of BBR. These led 13-Cys -BBR to a series of assays.
Materials And Methods General
All commercially available chemicals were from Sigma Chemical Co. and purified when necessary. The purity of all compounds was identified with TLC (Qingdao silica gel F254, 0.25 mm layer thickness) or HPLC (Waters, C18 column, 4.6×150 mm). Bruker Avance II-300 or Bruker Avance III-800 spectrometer was used to record the 1 H NMR (300 or 800 MHz) and 13 C NMR (75or 200 MHz) spectra, while DMSO-d 6 was the solvent and tetramethylsilane was the internal standard. ZQ 2000 mass spectrometer (Waters, US) or Fourier transform ion cyclotron resonance (FT-ICR, 9.4T solariX, Bruker, US) with dual ion source of ESI/matrix-assisted laser desorption ionization ESI/MS was used for mass analyses.
HCT-116, LS174T, SW620, SGC7901, Eca109, MKN28, HCT-8, and S180 cells were purchased from key GENBioTECH (Nanjing China). Male ICR mice (22 ± 2 g) were purchased commercially from Laboratory Animal Center of Capital Medical University. In vitro and in vivo assays were examined by the Ethics Committee of Capital Medical University. The committee approved that the assays can use the mentioned cells and mice can be used for the assays, and assured that the welfare of mice met the requirements of Animal Welfare Act and NIH Guide for Care and Use of Laboratory Animals.
Biological data were statistically analyzed with ANOVA, and the P-value less than 0.05 was considered statistically significant.
Synthesis

13-Cys-BBR
The synthetic route of 13-Cys-BBR is shown in Figure 1 . The route consists of 4-step reactions. The total yield of the 4-step reactions was 12%. The synthetic strategy is capable of satisfying the pre-clinical investigations.
Preparing 7,8-Dihydro-8-CH 2 COCH 3 -Berberine
At room temperature, 10 g (26.9 mmol) of berberine hydrochloride (purchased from Sigma-Aldrich) was dissolved in 50 mL of aqueous NaOH (5 M), into this sloution 10 mL of acetone was dropped gradually within 1 hr, and this mixture was stirred for another 3 hrs. At 0°C the pH of the reaction mixture was adjusted to 7 by adding hydrochloric acid (10 M) dropwise. The reaction mixture was filtered, the filtrate was extracted with methanol (80%), and 9.45 g (82%) of the title compound were obtained. 27 Preparing 13-CH 2 CO 2 C 2 H 5 -Berberine Hydrobromide A solution of 5 g (12.7 mmol) of 1, 1.6 mL of ethyl bromoacetate, 170 mg of NaI, and 150 mL of acetonitrile was stirred at 80°C for 6 hrs, and then cooled down to room temperature. The reaction mixture was filtered, the filtrate was evaporated in vacuum, and the residue was purified on silica gel column (CH 2 Cl 2 /MeOH, 10/1) to give 2.82 g ( 
Bioassays
In Vitro Anti-Proliferation Assay HCT-116, LS174T, SW620, SGC7901, Eca109, MKN28, HCT-8, and S180 cells in RPMI 1640 medium or DMEM medium supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (100 μg/mL) were maintained in a humidified atmosphere of 5% CO 2 at 37°C. The medium was renewed every 2 days and the proliferation of these cells was determined by MTT method. For this purpose, the cells in logarithmic growth phase were digested with 0.25% trypsin, added to RPMI 1640 medium or DMEM medium supplemented with 10% FBS, plated into 96-well plates (4000 cells per well), and incubated for 8 hrs. Then, the cells were treated with the medium (blank control) or Dox (positive control, final concentration: 50 μM), BBR (positive control, final concentration: 100, 50, and 25 μM), or 13-Cys-BBR (final concentration: 100, 50, and 25 μM) for 48 hrs, 25 μL solution of MTT was added and the plates were incubated at 37°C for 4 hrs, and the supernatant was discarded, and then 150 μL of DMSO was added to dissolve the formed formazan. The optical density (OD) value of the wells treated by medium or BBR or 13-Cys-BBR was read with Spectra Mas M3 microplate reader (BioTek, Winooski, VT, US) at 570 nm.
Time-Dependent Anti-Proliferation Assay Of HCT-8 Cells In Vitro
HCT-8 cells were similarly incubated to the in vitro antiproliferation assay and treated by BBR (50 μM) or 13-Cys-BBR (50 μM) or doxorubicin (Dox, 50 μM) for 6, 9, 12, 15, 18, 21, and 24 hrs. Then, 25 μL of solution of MTT was added and the plates were incubated at 37°C for 4 hrs, and the supernatant was discarded, and then 150 μL of DMSO was added to dissolve the formed formazan. The OD value of the well treated by BBR or 13-Cys-BBR or Dox was read with Spectra Mas M3 microplate reader (BioTek, Winooski, VT, US) at 570 nm.
Testing ROS
HCT-8 cells were cultured with RPMI 1640 medium containing 10% FBS, penicillin (100 U/mL), and streptomycin (100 μg/mL), and maintained at 37°C in humidified CO 2 (5%). The cells in logarithmic growth phase were digested with 0.25% trypsin, added to RPMI 1640 medium supplemented with 10% FBS, plated into 6-well plates (10 6 cells per well), and incubated for 8 hrs. The cells were treated with BBR (50 μM) or 13-Cys-BBR (50 μM) for 6 hrs, into each well 200 μL of DCFH-DA (KeyGENBioTECH, KGAF019, diluted 800 times with RPMI 1640 medium) were added, then digested with 0.25% trypsin and collected into a 1.5mL-tube. After centrifugation (1000 g per min, 2.5 mins), the supernatant was removed, the residue was washed with PBS for 2 times, and then tested on flow cytometry and observed by fluorescence microscope (Beckman CytoFLEX). 23 In Vivo Anti-Tumor Assay S180 cells for this assay were provided by the tumorbearing mouse (purchased from Peking University Health Science Center) in an ascetic form. S180 cells were maintained in NS, the concentration was 1.5 × 10 7 viable cells/ 0.2 mL of NS, and were subcutaneously implanted into the skin of the right oxter of male ICR mice (22 ± 2 g). Four days after implantation, the mice were randomly divided into 4 groups (12 per group). The mice in positive control were intraperitoneally given Dox (2 μmol/kg/day) for 11 consecutive days, the mice in parent compound control were orally given BBR (2 μmol/kg/day) for 11 consecutive days, the mice in negative control were orally given CMC-Na (10 mL/kg/day) for 11 consecutive days, and the mice in treatment group were orally given 13-Cys-BBR (2 μmol/kg/day) for 11 consecutive days. Twenty-four hours after the last administration, all mice were anesthetized by ether to sample blood for the further assays and sacrificed to take the tumors for weighing.
Liver And Kidney Toxicity Assay In Vivo
The blood from S180 mice treated by 13-Cys-BBR or BBR was centrifuged to prepare the serum samples. The vitality of serum urea, lactate dehydrogenase (LDH), glutamic-pyruvic transaminase (ALT), uric acid (UA), and creatinine (CREA-S) was measured on biochemical analyzer by following the manuals.
Testing Anti-Apoptosis Proteins
HCT-8 cells (2 × 10 6 /well) were seeded in 6-well plates and cultured for 8 hrs, and then the cells were treated with BBR (25 μM) or 13-Cys-BBR (25 μM) for 24 hrs. The cells were harvested, at 4°C washed twice with PBS, and then lysed with ice-cold radioimmunoprecipitation assay buffer (1% NP-40 in 150 mM NaCl, 50 mM Tris, and 2 mM EDTA) for 30 mins. The anti-apoptosis protein (XIAP), caspase-3 (Cas-3), and poly ADP-ribose polymerase (PARP) from the lysate were run on a sodium dodecyl sulfate-polyvinylidene difluoride membrane. The membrane was blocked with BSA (5%, W/V) for 2 hrs, washed thrice with tris-buffered saline Tween (TBST), and at 4°C incubated with primary antibodies XIAP or Cas-3 or PARP or actin (1:500) overnight. At room temperature, the membrane was washed, incubated for 1 hr with IgG-horseradish peroxidase-conjugated secondary antibody, and washed thrice with TBST. Western blot chemiluminescence reagents of Western blot were added to visualize the bands of the proteins. 9
Results
13-Cys-BBR Effectively Crossing Transwell Membrane
The ability of 13-Cys-BBR and BBR to cross the wall of intestinal or cancer cells was compared. For this purpose, transwell was used to simulate the wall of intestinal or cancer cells, and UV absorption was used to quantify 13-Cys-BBR and BBR occurring in the lower chamber of the transwell. Figure 2 shows that the concentration of BBR 
13-Cys-BBR Effectively Inhibited Cancer Cell Proliferation
The in vitro anti-proliferation activity of 13-Cys-BBR (100, 50, and 25 μM) against HCT-116, LS174T, SW620, SGC7901, Eca109, MKN28, HCT-8, and S180 cells was identified by standard MTT assay. In the assay, BBR (100, 50, and 25 μM) and RPMI 1640 medium were used as the positive and negative controls, respectively. Figure 3A -C shows that at 100, 50, and 25 μM, the viabilities of the cancer cells treated by 13-Cys-BBR are significantly lower than those of the cancer cells treated by BBR. The IC 50 values of 13-Cys-BBR inhibiting the proliferation of the cancer cells are significantly lower than those of BBR inhibiting the proliferation of the cancer cells ( Figure 4) . Thus, 13-position of BBR been modified by CH 2 CO-Cys(Bzl)-OBzl can enhance the in vitro antitumor activity. In addition, the IC 50 value suggests that S180 cells exhibit the highest sensitivity to 13-Cys-BBR. This led to the selection of S180 mice for evaluating the in vivo anti-tumor activity of 13-Cys-BBR.
Increasing ROS Inside Cancer Cells Is Responsible For 13-Cys-BBR Having Higher Anti-Proliferation Activity
To correlate the anti-proliferation activity with ROS formation, HCT-8 cells were treated by 13-Cys-BBR and BBR. For measuring ROS, the survival of HCT-8 cells needs to be more than 60%. Thus, the time courses of 50 μM 13-Cys-BBR, 50μM Dox, and 50μM BBR were firstly established. The time courses show that at all time points the inhibitions of 13-Cys-BBR are significantly higher than those of Dox and BBR, and the survival of HCT-8 cells treated by 13-Cys-BBR for 6 hrs is more than 60% ( Figure 5 ). Thus, 6-hr incubation was selected for measuring ROS, and the results are shown in Figure 6 . As seen, the intensity of the FITC-A inside the HCT-8 cells treated by 50 μM of 13-Cys-BBR is 3.44-folds higher than that of the FITC-A inside the HCT-8 cells treated by 50 μM of BBR. In other words, comparing to BBR the treatment of 13-Cys-BBR significantly increases HCT-8 cells to form ROS, and the relevant increase of ROS formation should be responsible for 13-Cys-BBR having higher antiproliferation activity.
Besides, the morphology of HCT-8 cells treated by PBS, 13-Cys-BBR, and BBR were visualized by fluorescence microscope and the results are shown in Figure 6 . The insets of the local amplified images suggest that the size and feature of HCT-8 cells treated by PBS are similar to those of HCT-8 cells treated by 50 μM BBR but distinctly different from those of HCT-8 cells treated by 50 μM 13-Cys-BBR. The HCT-8 cells treated by 13-Cys-BBR are characterized by roundness feature and decreased size.
Thus, both the FITC-A and the morphology of HCT-8 cells consistently emphasize that 13-Cys-BBR, but not BBR, induces the accumulation of ROS inside cancer cells and thereby induces apoptosis of cancer cells. 
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13-Cys-BBR Selectively Downregulating XIAP Expression
To show the effect of 13-Cys-BBR on the apoptosis proteins, HCT-8 cells were treated by 25 μM BBR or 25 μM 13-Cys-BBR, and the level of XIAP, Cas-3, and PARP inside HCT-8 cells was quantified by Western blot. 24 As seen the level of XIAP inside HCT-8 cells treated by 13-Cys-BBR is significantly lower that of XIAP inside HCT-8 cells treated by BBR ( Figure 7A) , and the levels of Cap-3 and PARP inside HCT-8 cells treated by 13-Cys-BBR are equal to that of Cap-3 and PARP inside HCT-8 cells treated by BBR ( Figure 7B and C). These results mean that 13-Cys-BBR selectively down-regulates XIAP expression, the decrease of XIAP expression is responsible for the in vitro antiproliferation activity of 13-Cys-BBR to be higher than that of BBR, and 13-Cys-BBR does not alter the antiproliferation mechanism of BBR.
In Vivo 13-Cys-BBR Effectively Slowed Tumor Growth
The in vivo anti-tumor evaluation was performed on S180 mouse model. The mice were administered with 13-Cys-BBR (oral 2 μmol/kg/day) or BBR (parent control, oral 2 μmol/kg/day) or Dox (positive control, intraperitoneal 2 μmol/kg/day) or CMC-Na (oral 10 mL/kg/day) for 11 consecutive days. The tumor weight was used to represent the activity. As seen, there is no significant difference between the tumor weights of S180 mice treated by BBR and CMC-Na, but the tumor weight of S180 mice treated by 13-Cys-BBR is significantly lower than those of S180 mice treated by BBR and CMC-Na (Figure 8) . These demonstrate that 13-position of BBR been modified by CH 2 CO-Cys(Bzl)-OBzl can enhance the in vivo anti-tumor activity.
13-Cys-BBR Had No Kidney And Liver Toxicity
BBR therapy was reported to have liver and kidney toxicity. 25 To estimate the injuring risk of 13-Cys-BBR to liver and kidney, the blood of S180 mice in tumor growth assay was collected. By following the specifications of the commercial kits, the serum levels of alanine aminotransferase (ALT), lactic dehydrogenase (LDH), uric acid (UA), urea, and creatinine (CREA-S) were measured. In contrast to BBR, 13-Cys-BBR does not decrease the serum ALT ( Figure 9A ) and LDH ( Figure 9B ) vitalities of the treated S180 mice. These indicate that 13-Cys-BBR has no liver toxicity. Again in contrast to BBR, 13-Cys-BBR does not decrease the serum UA ( Figure 9C ), urea ( Figure 9D ), and CREA-S ( Figure 9E ) vitalities of the treated S180 mice. These indicate that 13-Cys-BBR has no kidney toxicity.
Discussion
The discovery of novel BBR derivative having higher antitumor activity in vivo is of clinical importance. In this profile, the 13-position of BBR was modified by CH 2 CO-Cys-(Bzl)-OBzl and 13-[CH 2 CO-Cys(Bzl)-OBzl]-berberine (13-Cys-BBR) was prepared with acceptable yield. The rationality of this modification was supported by a series of evidences.
The first evidence was from transwell membrane experiment. This experiment was used to simulate the wall of the cancer cells or intestinal and showed that 13- Cys-BBR, but not BBR, effectively crossed the wall of the cancer cells or intestinal. The second evidence was from the in vitro anti-proliferation assay. This assay showed that the anti-proliferation activities of 13-Cys-BBR against HCT-116, LS174T, SW620, SGC7901, Eca109, MKN28, HCT-8, and S180 cells were significantly higher than those of BBR against the cells. Of the 8 cell lines, S180 cells exhibited the highest sensitivity to 13-Cys-BBR, and thereby S180 mouse model was selected for the in vivo anti-tumor assay.
To explore the effect of apoptosis proteins on the in vitro anti-proliferation activity, HCT-8 cells were treated by 13-Cys-BBR and BBR. Western blot was used to quantify the expressions of XIAP, Cap-3, and PARP in HCT-8 cells. As apoptosis proteins closely related to BBR, their expressions were significantly down regulated by the treatment, but only XIAP of the HCT-8 cells treated by BBR was significantly higher than that of the HCT-8 cells treated by 13-Cys-BBR. These results not only demonstrated that 13-Cys-BBR had selective inhibition to XIAP expression, but also suggested that this selective inhibition should be responsible for the in vitro activity of anti-proliferation of 13-Cys-BBR to be significantly higher than that of BBR.
To understand the reason of 13-Cys-BBR depressing the expression of XIAP to be superior to BBR, a docking investigation was performed by following the previous operation, 26 and this led 13-Cys-BBR and BBR having 133.32 and 77.33 DOCKING scores, respectively. In the interactions of 13-Cys-BBR and BBR with the active site, 8 amino acid residues and 5 amino acid residues have been involved, respectively ( Figure 10 ). This suggests that the active site is more suitable for 13-Cys-BBR than for BBR, thereby the expression of XIAP in BBR-treated HCT-8 cells is significantly higher than that of 13-Cys-BBR-treated HCT-8 cells.
To show the effect of ROS on apoptosis of cancer cells, HCT-8 cells were treated by 13-Cys-BBR and BBR. Comparing to the flow cytometry-based intensity of FITC-A of the HCT-8 cells treated by BBR, 13-Cys-BBR significantly increases HCT-8 cells to form ROS. The morphology of HCT-8 cells visualized that 13-Cys- Figure 8 In vivo activities of 13-Cys-BBR, BBR, and Dox slowing tumor growth of S180 mice, n = 12. Abbreviations: BBR, berberine; Dox, doxorubicin; 13-Cys-BBR, 13-[CH 2 CO-Cys (Bzl)-OBzl]-berberine; CMC-Na, sodium carboxymethylcellulose.
Figure 9
Effect of 13-Cys-BBR and BBR on liver and kidney: (A) serum ALT vitality of S180 mice treated by 13-Cys-BBR and BBR; (B) serum LDH vitality of S180 mice treated by 13-Cys-BBR and BBR; (C) serum UA vitality of S180 mice treated by 13-Cys-BBR and BBR; (D) serum UREA vitality of S180 mice treated by 13-Cys-BBR and BBR; (E) serum CREA-S vitality of S180 mice treated by 13-Cys-BBR and BBR. Abbreviations: BBR, berberine; 13-Cys-BBR, 13-[CH 2 CO-Cys(Bzl)-OBzl]-berberine; CMC-Na, sodium carboxymethylcellulose; ALT, alanine aminotransferase; LDH, lactic dehydrogenase; UA, uric acid; CREA-S, creatinine.
BBR, but not BBR, increased ROS and induced apoptosis of HCT-8 cells .
The third evidence was from the in vivo anti-tumor assay. This assay showed that at a dose of 2 μmol/kg/day 13-Cys-BBR, but not BBR, effectively slowed the tumor growth of S180 mice. As mentioned earlier, in the Western blot experiment, BBR effectively depressed HCT-8 cells to express XIAP, Cap-3, and PARP. This means that in vitro and in vivo BBR has distinct behavior and suggests that BBR effectively depressing HCT-8 cells to express XIAP, Cap-3, and PARP only contributes to in vitro antiproliferation activity, but not to in vivo anti-tumor activity. 
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Conclusion
In conclusion, as a novel derivative 13-Cys-BBR effectively overcome the poor bioavailability of BBR in vitro and in vivo, does not change the action mechanism of BBR; the treatment of 11 consecutive days BBR, but not 13-Cys-BBR, injures the liver and the kidney of S180 mice; 13-Cys-BBR should be a promising candidate for pre-clinical investigation.
OncoTargets and Therapy
Dovepress
Publish your work in this journal
OncoTargets and Therapy is an international, peer-reviewed, open access journal focusing on the pathological basis of all cancers, potential targets for therapy and treatment protocols employed to improve the management of cancer patients. The journal also focuses on the impact of management programs and new therapeutic agents and protocols on patient perspectives such as quality of life, adherence and satisfaction. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/ testimonials.php to read real quotes from published authors. 
DovePress
